We present a novel method, corticokinematic coherence (CKC), for functional mapping of the motor cortex by computing coherence between cortical magnetoencephalographic (MEG) signals and the kinematics of voluntary movements. Ten subjects performed self-paced flexion-extensions of the right-hand fingers at about 3 Hz, with a threeaxis accelerometer attached to the index finger. Cross-correlogram and coherence spectra were computed between 306 MEG channels and the accelerometer signals. In all subjects, accelerometer and coherence spectra showed peaks around 3-5 Hz and 6-10 Hz, corresponding to the movement frequencies. The coherence was statistically significant (P b 0.05) in all subjects, with sources at the hand area of the primary motor cortex contralateral to the movement. CKC appears to be a promising and robust method for reliable and convenient functional mapping of the human motor cortex.
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Introduction
One of the primary aims of the presurgical evaluation in patients with brain lesions is to determine as precisely as possible the anatomical relationship between the lesion and the functional eloquent cortices to assess the likely functional risk caused by the resection planned (De Tiege et al., 2009) . The primary motor (M1) cortical hand area can be identified on structural cerebral images on the basis of its anatomical landmarks, namely the hand knob in the precentral gyrus. The hand knob looks like an omega or epsilon in the axial plane and a hook in the sagittal plane (Yousry et al., 1997) . Inferring functional eloquence based solely on these anatomical landmarks in patients with brain lesions may, however, be misleading due to possible anatomic variability, displacement induced by brain lesions, or plasticity and reorganization. Therefore, functional indicators provided by functional neuroimaging techniques are increasingly used in non-invasive presurgical evaluations to map sensorimotor networks. These functional indicators help to improve estimates of the benefit-risk ratio associated with neurosurgical procedures. Moreover, they can guide the neurosurgeon during the operation.
Functional magnetic resonance imaging (fMRI) has an important role in non-invasive presurgical evaluation of the sensorimotor systems (Bartsch et al., 2006; De Tiege et al., 2009) . As the fMRI technique relies on the neurovascular coupling that can be altered in various brain disorders, false positives and negatives are possible with the consequence that the interpretation of fMRI maps may be more challenging in patients than on healthy subjects (Bartsch et al., 2006; D'Esposito et al., 2003; Korvenoja et al., 2006; Krings et al., 2001; Rossini et al., 2004) . While fMRI signals reflect either changes in neuronal activation or in the hemodynamic coupling, neurophysiological techniques such as electroencephalography (EEG) and magnetoencephalography (MEG) directly reflect neuronal events. MEG offers the best compromise between a very high temporal resolution of the order of the millisecond and a good spatial resolution of the order of 5 mm for local cortical sources (Hämäläinen et al., 1993) .
MEG mapping of the human M1 cortex has until now mainly relied on the use of premovement readiness or motor fields, corticomuscular coherence (CMC), and stimulation of peripheral nerves (Baker, 2007; Conway et al., 1995; Endo et al., 1999; Korvenoja et al., 2006; Mäkelä et al., 2001) . The readiness and motor fields are magnetic fields generated at the M1 cortex. Readiness field typically starts 500-1000 ms before movement onset and motor field peaks after movement onset (Cheyne et al., 1991; Cheyne and Weinberg, 1989; Deecke et al., 1982) . These fields may be difficult to detect because they strongly depend on the way the movement is performed, a factor potentially difficult to control in patients with motor deficits or movement disorders (Boonstra et al., 2006; Hari et al., 1983; Pollok et al., 2004) .
The CMC, on the other hand, quantifies synchronization between MEG, EEG or electrocorticographic oscillations and surface or intramuscular electromyography (EMG) during isometric contraction (Baker et al., 1997; Brown et al., 1998; Conway et al., 1995; Farmer NeuroImage 55 (2011) Gross et al., 2000; Halliday et al., 1998; Hari and Salenius, 1999; Kilner et al., 1999; Marsden et al., 2001; Ohara et al., 2000; Raethjen et al., 2002; Salenius and Hari, 2003; Salenius et al., 1996 Salenius et al., , 1997 . CMC vanishes during movements and is maximal during constant contractions following movements (Baker et al., 1997; Feige et al., 2000; Kilner et al., 1999 Kilner et al., , 2000 Kilner et al., , 2004 Schoffelen et al., 2005) . During weak contraction, the coherence occurs mainly around 20 Hz, with a jump to about 40 Hz at maximum force (Brown et al., 1998; Pohja et al., 2005) . CMC originates mainly from the M1 cortex contralateral to the contracted muscle, according to the somatotopy of the coherent signals (Brown et al., 1998; Gross et al., 2000; Murayama et al., 2001; Salenius et al., 1997) . In about 20% of the subjects, however, CMC is too weak for proper M1 identification (Pohja et al., 2005) and the presence of CMC in patients with brain lesions associated with motor deficits is unclear. Stimulation of peripheral nerves, often of the upper-limb median nerve, is an alternative robust method to identify the central sulcus and to infer M1 cortex location (Hari and Forss, 1999) . In patients with brain tumors, MEG responses to median nerve stimuli were superior to movement-related fMRI in identifying the central sulcus (Korvenoja et al., 2006) . However, motor mapping based on somatosensory signals may be inaccurate due to inter-subject variability in the mediolateral anatomical relationship between primary somatosensory and M1 cortices. The variability might be enhanced in patients with brain disorders due to anatomical distortion or functional reorganization phenomena.
To search for a reliable functional indicator of the human M1 cortex, we here introduce a novel tool, corticokinematic coherence (CKC) that maps synchronization between MEG oscillations and the kinematics of voluntary movements monitored by a three-axis accelerometer. An accelerometer has been used earlier in MEG to provide trigger signals for averaging movement-related signals (Bowyer et al., 2007) . Part of the work has been previously described in an extended conference abstract (Bourguignon et al., 2010) .
Materials and methods
Subjects
Ten healthy subjects (range 24-40 years; mean age 30.5 years; five males, five females) without any history of neuropsychiatric disease or movement disorders were studied.
All subjects were right-handed according to Edinburgh handedness inventory (Oldfield, 1971) . They participated after informed consent, and the study had prior approval by the ULB-Erasme Hospital Ethics Committee.
Behavioral task
Subjects were asked to make self-paced flexion-extensions of the right-hand fingers at about 3 Hz for 3 min. The movements of the right index finger were monitored with a three-axis accelerometer (ADXL330 iMEMS Accelerometer, Analog Devices, Inc., Norwood, MA) attached to the nail. During the movements, the thumb touched the other fingers.
Recordings
Cerebral activity was recorded with a 306-channel whole-scalp neuromagnetometer (Vectorview & Maxshield; Elekta Neuromag Oy, Helsinki, Finland); the recording passband was 0.1-330 Hz, and the signals were sampled at 1 kHz. The measurements were carried out at ULB-Hôpital Erasme. The position of the subject's head inside the MEG helmet was continuously monitored by feeding current to four headtracking coils located on the scalp. The locations of the coils with respect to anatomical fiducials were determined with an electromagnetic tracker (Fastrak, Polhemus, Colchester, VT). Accelerometer signals were recorded at 1 kHz, time-locked to MEG signals and lowpass-filtered at 330 Hz.
3D-T1 magnetic resonance images (MRIs) were acquired on a 1.5 T MRI scanner (Intera, Philips, the Netherlands).
Data preprocessing and analysis
Continuous MEG signals were first preprocessed off-line using signal space separation method (Taulu et al., 2005) to subtract external interferences and to correct for head movements. To improve the signal-to-noise ratio of the coherence, MEG and accelerometer data were divided into overlapping 2048-ms epochs with 1638-ms epoch overlap (Bortel and Sovka, 2007) . To avoid a contamination by eye movements, muscle activity or artifacts in the MEG sensors, epochs of amplitude exceeding 3 pT for magnetometers or 700 fT/cm for gradiometers were rejected from further analysis. Considering the linear relationship between acceleration and velocity in the frequency domain, coherence analyses between Acc and MEG signals were performed using the acceleration directly available from Acc signals. The acceleration was computed at every time step as the Euclidian norm of the three band-passed (1-200 Hz) accelerometer channels. Each epoch of acceleration was then normalized by its Euclidian norm.
All epochs (indexed by k) of MEG (B k ) and normalized acceleration (A k ) signals were transformed using fast Fourier transform (FFT) algorithm (without windowing). Power and cross spectra (P AA , P BB and P BA ) were first estimated using
wherein FT denotes the Fourier transform operator and * denotes the complex conjugate; X and Y have to be replaced by A or B i (i locating the MEG channel) as needed. Coherence spectra (Coh BA ) and crosscorrelogram (f BA ) were computed as previously suggested in Coh XY = jP XY j 2 P XX P YY ð2Þ
wherein FT −1 is the inverse Fourier transform operator.
Cross-correlogram was band-pass filtered at 1-195 Hz and notched at 50 Hz and its harmonics. Source analysis was performed in time domain on the spatial distribution of the filtered cross-correlogram as previously done in CMC studies (Brown et al., 1998; Pohja et al., 2005) . Equivalent current dipoles (ECD) were estimated at the main peak of the filtered cross-correlogram function, resulting in antero-posterior dipole orientation using spherical head models determined from individual MRIs. Sources were considered valid when the goodness-of-fit value (g.o.f) exceeded 80% for a sub-selection of at least 100 sensors including all of the most responsive sensors covering the hemisphere contralateral to hand movement. Sources were then superimposed on the coregistered individual structural MRIs.
Statistical analysis
The statistical significance of coherence was assessed using formula derived under the hypothesis of linear independence ,
which links the estimation of the statistical threshold Ct to the chosen significance value for individual channels p and the number of disjoint epochs used L. The p-value was computed such as to have a global false positive rate for all frequencies N f and all channels N c equal to P = 0.05 using Dunn-Šidák correction for multiple comparisons (Andrew and Moonseong, 2005) :
where N = N f N c . As overlapping epochs were used, Ct is a conservative estimate of the threshold (Bortel and Sovka, 2007) , and N is a conservative estimate of the number of degrees of freedom due to the dependence in the time courses of all channels. As a result, Ct is a valid statistical threshold for P b 0.05.
Results
The accelerometer and coherence spectra showed peaks at around 3-5 Hz and 6-10 Hz in all subjects, corresponding to the frequencies of hand movements (Fig. 1) . Coherence values exceeded the statistical threshold Ct in all subjects (first peak: range 0.24-0.79, mean 0.51; second peak: range 0.18-0.73, mean 0.45; see Table 1 ). The spatial distribution of the cross-correlogram showed peaks at the rolandic sensors contralateral to the hand movement in all subjects (Fig. 2) . At the times of the main peaks of the cross-correlogram, clear dipolar field patterns, centered on the left rolandic sensors, were observed in all subjects. The ECDs were located at the left precentral hand knob (Fig. 3) (Yousry et al., 1997 An additional weak dipolar field pattern, centered on the right rolandic sensors, was observed in three subjects. The corresponding ECDs were located at the right primary sensorimotor cortex in two subjects and at the right posterior parietal cortex in one subject (95% confidence volumes 19-145 mm 3 , g.o.f: 83.6% to 93.9%, amplitudes 25-38% of the sources contralateral to the hand movement).
The accelerometer did not produce any magnetic artifacts to MEG signals, and the use of the Euclidian norm of the accelerometer channels allowed us to measure finger movement kinematics regardless of hand position.
Discussion
We found statistically significant CKC in all our subjects, with sources of coherent activity at the M1 hand area contralateral to the movement. These results suggest that CKC is a robust tool for functional mapping of the M1 cortex.
Three-axis accelerometers have been used previously to provide trigger signals for averaging movement-related MEG signals (Bowyer et al., 2007) . Such an evoked-response approach was not possible in the present study as the acceleration pattern varied across movement periods, thereby preventing robust event extraction. Instead, the coherence and cross-correlogram approaches provided a feasible alternative to investigate the neuronal correlates of repetitive voluntary hand movements.
The occurrence of a synchronization between M1 signals and finger movements at 3-5 Hz corroborates a previous report of coherence around 3 Hz between hand velocity and MEG during a continuous visuomotor task using a trackball (Jerbi et al., 2007) . Other non-invasive electromagnetic recording studies have also demonstrated phase synchrony between brain signals and hand velocity at lower movement frequencies, consistent with neuronal encoding of hand speed in M1 cortex (Kelso et al., 1998; O'Suilleabhain et al., 1999) . In addition, single neuron, local field potential, and multi-unit activity studies in non-human primates have shown that M1 cortex encodes several movement parameters, such as direction, position, rotation, and, in particular, movement velocity (Ashe and Georgopoulos, 1994; Caminiti et al., 1990; Carmena et al., 2003; Mehring et al., 2003; Moran and Schwartz, 1999; Reina et al., 2001) . Our data therefore reinforce the previous hypothesis of a prominent role of slow M1 cortex oscillations in the encoding of voluntary movement parameters such as movement velocity (Jerbi et al., 2007) .
In addition to the 3-5 Hz coherence peak previously described, we observed in all subjects a harmonic peak at 6-10 Hz. The harmonics likely reflect details of the movement kinematics, e.g., sudden variations in the acceleration (discontinuities) induced by the touching of the fingers. Moreover, MEG sensors covering the hemisphere ipsilateral to hand movement showed slightly coherent activity with hand acceleration in three subjects. Accordingly, the CKC phenomenon might unravel a more extended neuronal network than that identified using the cross-correlogram and ECD modeling approaches. Further studies are needed to better characterize the neuronal networks associated with the different coherent frequency peaks, for example, using more sophisticated source reconstruction methods (i.e., dynamic imaging of coherent sources). Fig. 1 . Normalized acceleration spectrum (top) and coherence spectrum in the central region contralateral to hand movements for all subjects. The coherence spectra were computed as the maximal coherence across four planar gradiometers to take into account the variability in head position inside the helmet. Note peaks in coherence and normalized acceleration spectra at common frequencies. Based on this study performed in healthy subjects, the CKC method appears to be a promising alternative to available methods of functional M1 cortex mapping in patients with brain lesions close to the central sulcus. Indeed, we found CKC in all subjects with coherence values that were substantially higher than those reported for CMC (Brown et al., 1998; Conway et al., 1995; Farmer et al., 2004; Gross et al., 2000; Halliday et al., 1998; Kilner et al., 1999 Kilner et al., , 2004 Pohja et al., 2005) . Although we did not perform a direct comparison between CKC and other available MEG methods, these data suggest that CKC is more robust than CMC and easier to elicit in most subjects.
The clinical application of the CKC method may, however, be limited in patients with motor deficits or movement disorders (apraxia, dystonia, etc.) due to difficulties in performing repetitive movements. This potential limitation needs to be addressed in further studies and in particular, the possibility to elicit CKC with slower or other types of repetitive movements has to be assessed. Similar limitations may also apply to the existing MEG methods of motorcortex mapping, such as motor evoked fields or CMC, which require some degree of preserved motor function.
Another potential limitation of the CKC method is the possible occurrence of synchronous head movements that may lead to coherent artifactual signals in the cross-correlogram. Although no such artifacts were observed in our 10 subjects who performed fast repetitive movements, the occurrence of head-movement-related artifacts needs to be addressed in patients struggling to perform repetitive movements. By contrast, the CMC method is free of this problem, as isometric muscle contraction is not associated with head movements.
Based on these considerations, we suggest that functional M1 cortex mapping with MEG in patients with brain disorders should rely on a multimodal approach integrating the functional indicators from different methods such as CKC, CMC, motor fields, and electrical peripheral nerve stimulation. Such approach would indeed maximize the probability to identify relevant functional M1 indicator(s) in individual patients. Further studies are needed in patients to assess the clinical relevance of such an approach and to determine the optimal combination of MEG methods to be used.
The use of accelerometers to follow movement kinematics opens a new field of MEG research, namely neurokinematics, to focus on brain correlates of physiological and pathological movements.
Conclusion
CKC is a robust and simple method for functional mapping of the motor cortex, realized by means of computing coherence between brain signals and the acceleration of self-paced repetitive movements. Using CKC, we were able to locate the M1 cortex hand area in all 10 investigated subjects. 3 . The locations of the coherent sources at the hand area of M1 cortex in each subject. Magnetic field patterns obtained at the cross-correlogram global maximum and corresponding sources (white dots) superimposed on individual MRIs in all subjects. The sensor array is viewed from the left. The arrow depicts the surface projection of the equivalent current dipole which best explains the field pattern; the length of the arrow is proportional to the dipole strength. The isocontour lines are separated by 50 fT; the red lines refer to flux out of the skull and the blue line flux into the skull. L indicates left hemisphere.
